Objective: Mild traumatic brain injury (mTBI) is a serious health concern in the adolescent population. Repeated mTBI may result in more pronounced deficits, and has been associated with long-term neurological consequences including neurodegeneration. As such, there is a critical need for the development of objective mTBI biomarkers to help guide medical management. Diffusionweighted imaging (DWI) is an advanced magnetic resonance imaging (MRI) technique that may detect brain abnormalities after mTBI. Diffusion tensor imaging (DTI) is the most commonly applied DWI method, and initial studies have reported DTI changes in mTBI patients. Furthermore, new DWI methods (e.g., track-weighted imaging; TWI) are being developed that may also be sensitive to mTBIs, but remain to be comprehensively studied. Methods: This study utilized the Awake Closed Head Injury (ACHI) model of mTBI to investigate changes in DTI and TWI following repeated mTBI in adolescent male and female rats. A total of four ACHI impacts, two/day over two consecutive days, were delivered beginning on postnatal day 25. At 1 day and 7 days postinjury, rats were euthanized and brains were collected for DWI analyses. Results: Rats given repeated mTBI displayed changes in fractional anisotropy and radial diffusivity (i.e., DTI measures), as well as track density (i.e., TWI). Interpretation: These findings are consistent with initial DTI findings in mTBI patients, suggest that TWI may complement DTI, support the utility of DWI measures as biomarkers in mTBI, and further validate the ACHI rat model of mTBI.
Introduction
Mild traumatic brain injury (mTBI), including concussion, is a widespread public health concern affecting millions of people annually. 1 Children and adolescents are of particular interest as they are more likely to sustain a head injury than adults, 2 and such injuries represent a leading cause of disability within this population. 3, 4 An mTBI is induced by biomechanical forces, and a single mTBI typically results in transient neurological impairment. 5 Sustaining repeated mTBI, however, may result in cumulative and persisting neurological deficits, [6] [7] [8] [9] [10] and has been associated with increased risk of developing neurodegenerative disease such as chronic traumatic encephalopathy (CTE). 11, 12 Considering the difficulty of mTBI diagnosis and prognosis, and the potential for long-term sequalae after repeated mTBI, there have been increased research efforts to develop sensitive and objective biomarkers to help guide the clinical management of these injuries. 10, 13, 14 Magnetic resonance imaging (MRI) is a noninvasive and readily available clinical tool. Although conventional structural imaging often fails to detect mTBI pathophysiology due to the absence of macroscopic changes, 15 initial studies investigating diffusion-weighted imaging (DWI) suggest that DWI measures may detect changes after mTBI. [16] [17] [18] DWI is an MRI technique that is sensitive to the diffusion of water molecules as they move and interact within the brain. Diffusion tensor imaging (DTI) is the most commonly applied DWI method, and initial studies have reported changes on DTI measures (e.g., fractional anisotropy, FA) in the clinical mTBI setting. [19] [20] [21] [22] Furthermore, new DWI acquisition and analysis methods (e.g., track-weighted imaging, TWI) are being developed that may also be sensitive to mTBIs, [23] [24] [25] but remain to be comprehensively studied in this context.
There are major limitations and confounding factors involved in studying mTBI and biomarkers in humans. For example, previous DWI studies in mTBI patients have been limited by the use of a single broad postinjury time point, lack of appropriate control groups, and may be confounded by other factors (e.g., lifestyle choices such as drug and alcohol use, genetics, selection bias). 10 Animal models allow for the control of experimental parameters, as well as the rigorous characterization and validation of biomarkers in a relatively short time period. Due to limitations with previous rat models of mTBI (e.g., anesthesia, surgical procedures), 26, 27 we recently developed the Awake Closed Head Injury (ACHI) rat model of mTBI that does not require anesthesia or surgery. Consistent with studies of patients that have sustained mTBIs, our initial results with this novel model identified acute neurological deficits and impaired spatial memory after repeated mTBIs without evidence of overt brain damage or volumetric loss on structural MRI. 28 These findings support the use of this model to study mTBI; however further studies are needed to fully characterize the nature of changes after ACHI and whether they reflect the human condition. Therefore, the present study investigated whether DTI abnormalities similar to those reported in humans with repeated mTBI occurs using this model. Furthermore, we also examined whether more novel DWI measures, such as TWI, were affected by repeated mTBI. It was hypothesized that repeated ACHIs would induce DWI abnormalities in a manner consistent with initial human mTBI studies.
Materials and Methods

Subjects
Long-Evans rats (n = 37; 16 male, 21 female) derived from Charles River Laboratories (St. Constant, PQ), were housed in standard cages and maintained on a 12 h light/ dark cycle with ad libitum access to standard food and water. On postnatal day 21 (PND), 21 rats were weaned and housed in same-sex groups of 2-3. All procedures were carried out in accordance with protocols approved by the Animal Care Committee at the University of Victoria and standards set by the Canadian Council for Animal Care. At PND 25-28, rats were randomly assigned to one of four experimental groups: sham-injury controls at Day 1 (n = 10; 4 male, 6 female) and Day 7 postinjury (n = 8; 3 male, 5 female); or repeated mTBI at Day 1 (n = 11; 5 male, 6 female) and Day 7 postinjury (n = 8; 4 male, 4 female). It should be noted that these rats are a subgroup used for ex vivo MRI analysis and were included in our initial paper of the ACHI model. 28 However, none of the DWI results included in this paper have been previously published.
Awake closed head injury model of mTBI
The ACHI model has previously been described in detail. 28 Briefly, fully conscious juvenile rats are immobilized in a restraint cone and fitted with a 3D printed helmet. The back of the helmet is aligned with the interaural line, and the top includes a flat circular surface that aids in targeting of the impactor over the left parietal cortex. A modified controlled cortical impact (CCI) device (Impact One, Leica Biosystems Inc., ON) is used to deliver an impact at a velocity of 6 m/sec. On consecutive days, rats in the repeated mTBI group were given two impacts/day that were separated by 2 h for a total of four injuries. This injury protocol was based on prior work in mice model and found that repeated mTBI had cumulative effects. 29 Sham-injured rats followed the identical protocol with the omission of the impacts.
Acute neurological assessment
Immediately following each impact or sham procedure, rats underwent acute neurological testing as previously described. 28 Briefly, acoustic startle is first evaluated in response to a loud hand clap directly above the rat. The rat is then grasped by the base of the tail and raised into the air to examine limb extension. Next, the rat is placed onto a narrow balance beam to test their ability to balance and traverse the beam (100 cm long 9 2 cm wide 9 0.75 cm thick). Lastly, the animal is placed back onto the beam, which is then elevated and rotated once per second for four rotations to test motor dexterity. Appropriate responses and ability to complete tasks constitute a pass (score of 1), while null or inappropriate response, immobility, or falling is scored as a fail (score of 0). Note that as the rats in this study are a subgroup from our initial study, this data also contributed to the data previously reported in that paper. 28 The primary purpose for its inclusion in this paper is to demonstrate that the ACHIs resulted in acute neurological impairment (see Fig. 1 ).
Ex vivo DWI acquisition
At their specified postinjury time point, Day 1 or Day 7, after the final ACHI or sham procedure, rats were anaesthetized with isoflurane, transcardially perfused with 0.9% NaCl, and fixated with 4% paraformaldehyde. The excised whole fixated brains were then washed with PBS and embedded in 2-3% agar for MRI scanning. Images were acquired with a 4.7 T Bruker MRI (Bruker TM BioSpinâ, USA) and actively decoupled transmit and four-channel surface receive coils. DWI parameters were chosen to give sufficient diffusion weighting for estimating the fiber orientation distributions (FODs) in the fixed tissue, while also keeping the echo time to a minimum to maximize the available signal. Diffusion weighting was performed in 81 directions with diffusion duration (d) = 6 msec, diffusion separation (D) = 17 msec and b-value = 5000 s/ mm 2 . Two nondiffusion (b 0 ) volumes were also acquired. Other image parameters were: Repetition time = 10 sec; echo time = 35 msec; field of view = 28.8 9 28.8 mm 2 ; number of slices = 38; slice thickness = 300 lm, and matrix size = 96 9 96 giving an isotropic spatial resolution = 300 9 300 9 300 lm 3 .
DWI processing and analyses
Image processing was performed using MRtrix (www.mr trix.org). Images were corrected for noise using MP-PCA denoising and normalized using the median b 0 white matter value. Fiber orientation distributions (FODs) were computed using constrained spherical deconvolution with an average response function and a study template constructed using symmetric diffeomorphic registration. 30 To avoid biasing, the study template to any one group, templates were first constructed for each group (i.e., sham Day 1 postinjury, sham Day 7 postinjury, repeat mTBI Day 1 postinjury, and repeat mTBI Day 7 postinjury) and then combined to create the study template. 23, 24, 31 DTI metrics including FA, radial diffusivity (RD), and axial diffusivity (AD) were generated for each subject and transformed into study-specific template space using MRtrix. For TWI, tractograms were generated for each rat using the iFOD2 algorithm and registered to the study-specific FOD template. Three track-weighted images were then generated using properties of the tractogram streamlines: track density imaging (TDI), which sums the number of streamlines passing through each voxel; average pathlength mapping (APM), which maps the mean length of each streamline traversing the voxel; 32 and mean curvature, which maps the mean curvature of each streamline traversing the voxel.
For the analysis, ROIs were outlined in each hemisphere (ipsilateral and contralateral) of the mean FA image and included anterior, middle, and posterior regions of the corpus callosum, external and internal capsule, and fimbria. 33 The mean value of each diffusion metric within each ROI was then calculated. 
Statistical analysis
All imaging measures were analyzed with a two-way analysis of variance (ANOVA), with injury and time as between-subject factors. Bonferroni post hoc comparisons were completed when appropriate. Acute neurological deficit scores were analyzed with the Independent Samples Mann-Whitney U Test. Statistical significance was defined as P ≤ 0.05.
Results
DTI measures detect white matter abnormalities after repeated mTBI
For FA, two-way ANOVA detected a significant effect of injury (F 1,33 = 4.98, P = 0.033) in the contralateral middle corpus callosum, with repeated mTBI rats having reduced FA regardless of time postinjury (Fig. 2) .
For RD, two-way ANOVA detected a significant injury*time interaction in the ipsilateral posterior external capsule (F 1,33 = 5.19, P = 0.029) and in the contralateral posterior internal capsule (F 1,33 = 4.83, P = 0.035). Post hoc analyses indicated that the repeated mTBI group displayed significantly lower RD values in the ipsilateral posterior external capsule (P = 0.002, Fig. 3A, B) and contralateral posterior internal capsule (P < 0.001, Fig. 3A , C) at Day 7 as compared to Day 1 postinjury.
There were no significant findings between the injury groups on any of the other DTI measures.
TWI detects white matter abnormalities after repeated mTBI
For TDI, two-way ANOVA identified a significant injury*time interaction in the ipsilateral middle fimbria (F 1,33 = 6.55, P = 0.015), the ipsilateral posterior external capsule (F 1,33 = 4.91, P = 0.034), the contralateral middle fimbria (F 1,33 = 9.24, P = 0.005), and the contralateral anterior external capsule (F 1,33 = 4.56, P = 0.040). Post hoc analysis revealed that the mean number of streamlines were significantly increased in repeat mTBI rats compared to shams at Day 1 postinjury in the ipsilateral middle fimbria (P = 0.011; Fig. 4A, B) , the contralateral middle fimbria (P = 0.001; Fig. 4A, D) , and the contralateral anterior external capsule (P = 0.041; Fig. 4E ). Furthermore, the repeat mTBI group displayed significantly lower values at Day 7 as compared to Day 1 postinjury in the ipsilateral middle fimbria (P = 0.005; Fig. 4A, B) , the contralateral middle fimbria (P < 0.001; Fig. 4A, D) and the contralateral anterior external capsule (P = 0.025; Fig. 4E ). In the ipsilateral posterior external capsule, the mean number of streamlines were significantly decreased in the repeat mTBI group compared to the sham at Day 1 (P = 0.035; Fig. 4C ), and the repeat mTBI values increased from Day 1 to Day 7 postinjury (P = 0.011; Fig. 4C ). There were no significant findings between the injury groups on any of the other TWI measures.
Discussion
This study is the first to examine DWI measures in an awake rodent model of repeated mTBI. We previously reported that repeated ACHIs result in acute neurological deficits and impaired spatial memory. This altered behavior was in the absence of overt damage or volumetric loss as measured with structural MRI. 28 However, it is well established that structural imaging does not typically detect abnormalities acutely following mTBI. 34 On the other hand, DWI has greater sensitivity for identifying microscopic abnormalities as compared to conventional MRI. DWI measures the motion of water molecules within the brain. As this diffusion is restricted by biological barriers and other molecules, abnormalities in DWI may reflect microscopic alterations to tissue organization due to factors such as white matter injury, 35 ,36 edema, 37 and gliosis. 38 Indeed, preliminary preclinical studies suggest that DWI may be a useful biomarker of mTBI 23 and repeated mTBI. 39, 40 As such, DWI analysis post-ACHI was warranted, despite the lack of structural MRI findings previously presented. 28 DTI, the most commonly used DWI method, identified a significant effect of injury in the corpus callosum where FA values were decreased in the repeated mTBI group as compared to shams. FA in white matter regions has been shown to be affected by a variety of factors such as injury, axonal caliber, myelin sheath thickness, and the density and distribution of white matter tracts 20 . Our findings are consistent with those seen in clinical populations where FA is regularly shown to be reduced following mTBI. [41] [42] [43] [44] [45] [46] Decreased FA values have been reported acutely, 35 as well as chronically 47 , in the corpus callosum of patients with mTBI. In some cases, these white matter FA values were predictive of impaired executive functioning 48 and were correlated with decreased behavioral outcomes. 44, 49 The corpus callosum is among the most common locations of abnormal FA 50, 51 and is thought to be particularly vulnerable to axonal injury resulting from TBI. 52 As such, the reduced FA abnormalities in the corpus callosum found in this study would be expected and further support the clinical relevance of the ACHI model.
Further DTI analysis revealed a significant interaction between injury and time in the ipsilateral external capsule and the contralateral internal capsule on the measure of RD. Specifically, the repeated mTBI group displayed significantly lower RD values in these regions at Day 7 as compared to Day 1 postinjury. RD is often associated with myelin pathology and edema following trauma to the brain. 53, 54 Although no differences were observed between sham and injured animals following repeat ACHI, decreasing RD values in a time dependent fashion may be indicative of injury progression. Few other studies have investigated RD at different mTBI recovery times, though our results are similar to prior findings in the clinical setting that report reduced RD subacutely after mTBI. 19, 20 TWI is a recently developed DWI technique that uses properties of tractography streamlines, such as density, curvature, and length, to provide additional measures that may be sensitive to white matter pathology. 55, 56 TWI measures have previously been shown to be altered in preclinical mTBI 23, 24 and repeated mTBI 25 models that involved the use of anesthetic and/or craniotomy. Compared to the sham group, repeated ACHI resulted in a significant increase in track density (i.e., TDI) in both the ipsilateral and contralateral fimbria, as well as the contralateral external capsule at Day 1. Moreover, rats given repeated mTBI displayed lower TDI values at Day 7 as compared to Day 1 in these regions. Interestingly, the contralateral external capsule displayed an opposite effect, where mean number of streamlines were reduced compared to sham at Day 1. Why the opposite effect was found in the contralateral external capsule remains to be determined, as do the pathophysiological mechanisms that underlie changes in TDI after mTBI. It should be noted that of the significant DWI findings in this study, only TDI distinguished between the sham versus repeated mTBI groups at Day 1, suggesting that TWI methods may complement traditional DTI measures.
Conclusions and Future Directions
This study investigated the utility of DWI (i.e., DTI and TWI) biomarkers in the ACHI rat model of repeated mTBI. Both DTI and TWI metrics identified white matter abnormalities after repeated impacts with the ACHI model. This work represents, to our knowledge, the first time DWI was performed in an awake animal model of mTBI. Our initial findings are consistent with DTI findings reported in mTBI patients, support the utility of DWI measures as biomarkers in the mTBI setting, and further validate the novel ACHI rat model.
With that said, there are some limitations with this study and further research on the topic of DWI in the context of mTBI is certainly justified. For example, further research is still required to better characterize the temporal complexities of these changes, and to determine the exact pathophysiological mechanisms underlying the DWI abnormalities. Of particular relevance would be the inclusion of more chronic postinjury recovery times considering evidence that repeated mTBI can result in chronic neurological deficits and neurodegenerative disease. Another topic of future study should be the investigation of how biological sex influences mTBI outcomes and biomarkers. Although our study incorporated both male and female rats, we were unable to investigate potential sex differences due to low group sizes. It should also be noted that our MRI study was conducted on ex vivo brain samples, which somewhat limits the clinical relevance of the findings. However, both the scan time (i.e., 2 h) and the DWI sequences that were used are appropriate for future in vivo studies. 23, 31, 57 As our current study only investigated rats given repeated mTBI, future in vivo studies could investigate the effects of a single mTBI using serial MRI at different postinjury times. Such investigations would provide important information related to diagnosis and recovery/cerebral vulnerability after a single mTBI. Related to this point, while our DTI findings are largely consistent with those from initial clinical studies, further studies are still needed to better characterize these DTI abnormalities and also examine the utility of novel DWI methods, such as TWI, in single and repeated mTBI patients. Last, it is worth considering the clinical relevance of the repeated injury schedule used in this study (i.e., 2 injuries/day over two consecutive days). Our repeated ACHI model was adapted from a previous mouse study that found repeated ACHI had cumulative neurological effects. 28, 29 As such, to facilitate the transition of the model into rats, we used a similar injury schedule in this initial study. With regards to clinical relevance, it is not unreasonable that an adolescent athlete could sustain multiple mild brain traumas in short succession (i.e., similar to the schedule used in this study). Though we do acknowledge that with the growing public awareness of the potential consequences of mTBIs and more conservative medical management of these injuries it is becoming increasingly unlikely for repeated mTBIs to occur in such a rapid manner. Now that this initial rat study has been done, future studies can modify the inter-injury time accordingly.
In closing, although further studies are clearly needed, advanced diffusion-based MRI methods are promising objective and noninvasive biomarkers for mTBI that that could 1 day be influential in the medical management of these injuries. and technical assistance, of the National Imaging Facility at the Florey Institute of Neuroscience and Mental Health (Parkville, VIC, Australia).
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